Pancreatic islet ␤-cell-specific expression of the insulin gene is due to a unique combination of factors that stimulate transcription through an enhancer located between nucleotides Ϫ340 and Ϫ90 relative to the transcription start site (2, 5, 55, 62) . These sequences can replicate the tissue-restricted and metabolically regulated expression pattern of the endogenous insulin gene when linked to a reporter construct in transgenic mice (3, 6, 20, 66) and cell lines (14, 25, 32, 56, 57, 59) . C2 (Ϫ317 to Ϫ311 bp) (15, 25, 54) , A3 (Ϫ201 to Ϫ196 bp) (15, 49, 50) , C1 (Ϫ118 to Ϫ107 bp) (59, 73) , and E1 (Ϫ100 to Ϫ91 bp) (9, 25, 71) are the cis-acting enhancer elements within the mammalian insulin gene that are essential for activation. (These insulin elements are labeled in accordance with the nomenclature proposed by German et al. [16] .) Because each of these activator-binding motifs is found within the transcription unit of all characterized mammalian insulin genes (65) , a common regulator strategy is likely to be involved in control.
The PAX6 paired-homeodomain transcription factor activates insulin C2 element-stimulated transcription (64) , and the PDX-1 homeodomain protein mediates A3 element-activated expression (42, 47, 49, 50) . PDX-1 is the name (i.e., pancreatic and duodenal homeobox-1) given by the International Committee on Standardized Genetic Nomenclature for Mice, but it has also been referred to as IPF-1 (42), IDX-1 (33) , and STF-1 (28) . The activator of E element-directed expression is a heterodimer of proteins in the basic helix-loop-helix (bHLH) family that are islet enriched, BETA2 (36) (also known as NeuroD1 [26] ), and ubiquitously distributed, E47 (3, 8, 17, 59 ) and HEB (51) . The C1 activator, RIPE3b1 (56, 59, 73) , has not been isolated. In addition, PDX-1 (29, 31, 44, 50) , RIPE3b1 (44, 56, 73) , and BETA2:E47 (14, 39, 56) activation is controlled by glucose, the principal physiological regulator of ␤-cell gene expression.
Gene targeting experiments performed on PAX6, PDX-1, and BETA2 have also demonstrated their contribution to pancreas formation. Thus, PDX-1 expression in a common progenitor cell population appears to be essential for development of both the endocrine and exocrine compartments of the pancreas, by permitting proliferation, branching, and differentiation of the pancreatic epithelium (1, 24, 40) . In contrast, PAX6 (54, 69) and BETA2 (37) act downstream of PDX-1 in the islet endocrine cell differentiation pathway. Collectively, these results have established a central role for each of the isolated insulin gene transcription factors in islet cell development and function.
Preventing PDX-1, BETA2:E47, PAX-6, or RIPE3b1 binding drastically reduces insulin enhancer-driven transcription as well as promoter activation from a number of other isletenriched genes, including glucokinase, GLUT2, somatostatin, and glucagon (reviewed in references 5, 55, and 62). The data suggest that these activators are components of regulatory circuits that respond in a synergistic fashion to mediate transcription. Although the exact mechanisms involved in control are unclear, experiments performed in other systems imply that transactivation is dependent upon the arrangement of activator recognition sites and a precise complement of bound activators that together form a unique network of proteinprotein and protein-DNA interactions.
The non-DNA-binding p300 coactivator and its paralogue CBP are involved in transducing transcriptional signals between RNA polymerase II and a number of the essential DNAbound activators (reviewed in references 12 and 60), including the insulin gene BETA2:E47 activator (35, 52) . In this study, p300 is also shown to enhance PDX-1 activation and to act in conjunction with the BETA2:E47 activator to synergistically stimulate insulin gene transcription. Our results further suggest that transcriptional stimulation requires direct interactions between the insulin enhancer-bound activators and the p300 coactivator, presumably enabling each to communicate signals through the coactivator to the basal RNA polymerase II transcriptional complex.
In vitro translation and GST binding assay. Interactions between PDX-1 and p300 were assessed by examining binding of in vitro-translated p300 with GST: PDX-1. Wild-type and mutant GST:PDX-1 proteins were prepared using the manufacturer's conditions (Pharmacia), and [
35 S]methionine-labeled p300 was synthesized using the TNT Kit (Promega). Labeled p300 protein was incubated for 1 h in binding buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.1% NP-40, 2 mM EDTA, 10 mM MgCl 2 , 20 M ZnCl 2 ) with GST:PDX-1 coupled to glutathione-Sepharose beads (Pharmacia). The beads were washed three times with binding buffer, and the bound protein complexes were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and autoradiography.
Immunoprecipitation and Western blotting. HIT T-15 and HeLa cells were transfected with PDX-1, BETA2-Myc, E1A, and p300 expression plasmids and harvested after 24 h for immunoprecipitation and Western blot analyses. The cells were lysed in radioimmunoprecipitation assay (RIPA) buffer (10 mM TrisHCl, pH 8.0, 140 mM NaCl, 0.025% NaN 3 , 0.5% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 1 mM phenylmethylsulfonyl fluoride, 2 g of aprotinin per ml) and incubated overnight at 4°C with antiserum to PDX-1, p300 (RW128 (Upstate Biotechnology, Lake Placid, N.Y.), MN11 (10)), FLAG (M2; Tony Weil, Department of Molecular Physiology and Biophysics, Vanderbilt University), Myc (9E10; Sigma, St. Louis, Mo.), or normal immunoglobulin G (IgG).
PDX-1 polyclonal antiserum were developed to N-(aa 1 to 75 [48] ) or Cterminal (aa 271 to 283 [68] ) epitopes. The monoclonal antibodies to p300 (MN11 and RW128) were raised to distinct peptide domains. The proteins were immunoprecipitated with either protein A-or protein G-Sepharose beads (Sigma, St. Louis, Mo.), washed three times with RIPA buffer, subjected to SDS-PAGE, and then electrotransferred to Immobilon polyvinylidene difluoride membrane (Millipore, Bedford, Mass.). The blot was incubated for 1 h at 4°C in blocking buffer (10 mM Tris, pH 8.0, 150 mM NaCl, 0.05% Tween 20, and 5% nonfat dry milk) and then at 4°C overnight with either PDX-1, p300, or Myc antiserum. Detection was performed using enhanced chemiluminescence (Pierce, Rockford, Ill.) after incubation with a horseradish peroxidase-conjugated secondary antibody.
RESULTS
Adenovirus E1A inhibits A3/A4 element activation. The observation that adenovirus E1A inhibited activation directed by the bp Ϫ238 to Ϫ101 region of the rat insulin II enhancer demonstrated that a control element(s), distinct from the E1 element at Ϫ100/Ϫ91, was a target of repression (64) . The PDX-1 and RIPE3bl activator binding sites at Ϫ201 to Ϫ196 bp (i.e., A3) and Ϫ115 to Ϫ107 bp (i.e., C1) are the principal conserved control elements within this area, although previous studies have shown that E1A does not influence C1-mediated activation (52) .
To test the effect of E1A on A3 element activation, regulation from an insulin enhancer-driven CAT expression construct spanning nucleotides Ϫ247 to Ϫ197 of the rat insulin I gene was examined in HIT T-15 ␤ cells. Stimulation by this minienhancer region (termed FF) is mediated by the A3, A4, and E2 elements (15) (Fig. 1A) . Upon cotransfection of E1A, the level of FF CAT activation was reduced markedly (Fig.  1B) . In contrast, E1A had no effect on the activity of the parent tkCAT cloning vector pTE2⌬S/N. The level of repression was also unaffected in the E element binding site mutant (E2 mt in Fig. 1B ), suggesting that stimulation by A3 and/or A4 was altered by E1A.
E1A influences cellular gene transcription by binding to coregulatory factors (7) like the retinoblastoma (Rb) pocketbinding proteins (i.e., p105, p107, and p110 [19, 45] ) and p300 (12, 60) . To investigate whether these factors were involved in E1A-mediated inhibition of A3/A4-directed transcription, specific mutants that fail to bind either p300 (E1A⌬2-36 [63] ) or Rb (E1A.928 [34] ) were used. In contrast to wild-type E1A, the E1A⌬2-36 mutant was unable to inhibit A3/A4-dependent transcription effectively, whereas E1A.928 fully repressed activity (Fig. 1C) . In addition, wild-type p300 and a mutant that lacks the E1A binding domain, p300 dl10, increased FF CAT activity ( Fig. 2A) . p300 also stimulated both A3/A4-and E2-dependent activity (Fig. 2B ). These data strongly implicate p300 in both A3/A4 and E element-dependent transcription. Because the A3 site and not the A4 site is conserved among the mammalian insulin genes (13, 15) , the following experiments were designed to determine if stimulation by its activator, PDX-1, was affected by p300. p300 interacts with PDX-1. To test if stimulation by PDX-1 was influenced by p300, ␤ cells were cotransfected with expression plasmids producing p300 and either wild-type PDX-1 or N-and C-terminal deletion mutants fused in frame to the DNA-binding domain of the Saccharomyces cerevisiae GAL4 transcription factor. The GAL4:PDX-1 fusions represented regions of PDX-1 important in activation (aa 1 to 79) and DNA binding (homeodomain, aa 146 to 206) (Fig. 3A) . Because p300 contains two distinct activation domain regions (72), we reasoned that functional interactions between PDX-1 and p300 would enhance transcription from the GAL4 DNA binding site-driven reporter, (GAL4) 5 E1bCAT, as observed with the insulin gene activators BETA2 and E47 (52) and other p300-regulated transcription factors (12, 60) .
Indeed, p300 stimulated GAL4:PDX-1 activity from the wild-type and aa 1 to 79 activation domain-spanning constructs in ␤TC-3 and HIT T-15 cells (Fig. 3B) . In contrast, p300 did not affect activation from the homeodomain and C-terminal region GAL4:PDX-1 construct [i.e., GAL4:PDX-1(79-283)] or an activation-defective mutant of the aa 1 to 79 region [GAL4: PDX-1(1-79)⌬ABC in Fig. 3B ]. Gel shift and (GAL4) 5 E1bCAT reporter assays performed on transfected HIT T-15 cells demonstrated that p300 affected GAL4:PDX-1(1-79) activation, and not protein expression (Fig. 3C) .
To determine if p300 physically interacted with PDX-1, affinity chromatography methods were developed using regions of PDX-1 fused in frame to the GST gene. GST:PDX protein was expressed in bacteria and immobilized on glutathione beads. In vitro-labeled p300 translation products were incu-FIG. 1. Repression of A3/A4 element-driven activity by the p300 binding region of adenovirus E1A. (A) Schematic representation of the FF region in the rat insulin I gene, illustrating the E2 (Ϫ239/Ϫ228 bp), A4 (Ϫ221/Ϫ217 bp), and A3 (Ϫ212/Ϫ208 bp) elements. The nonallelic rat insulin I gene, unlike the rat II or human insulin gene, contains a second upstream E-element (termed E2) (65) . The mutant element is denoted mt. FF CAT contains three copies of the Ϫ247 to Ϫ197 region (15) . (B) HIT T-15 cells were transfected with wild-type (WT) FFCAT, mutant (mt) FFCAT, or pTE2⌬S/N (2.5 g) in the presence or absence of E1A (2.5 g), and a recovery marker (1.0 g) for transfection efficiency, pSV2 LUC. (C) E2 mt FF CAT (2.5 g) was transfected into HIT T-15 cells in the presence of wild-type E1A (2.5 g) or a p300 (E1A⌬2-36)-or Rb (E1A.928) binding-defective mutant. The normalized activity Ϯ standard error of the mean (SEM) is presented relative to FFCAT alone (B and C), which in the absence of E1A corresponded to 1.36 ϫ 10 6 cpm/reaction, 0.72 ϫ 10 6 cpm/reaction, 6.10 ϫ 10 6 cpm/reaction, 0.27 ϫ 10 6 cpm/reaction, and 0.08 ϫ 10 6 cpm/reaction for the FF WT, FF A4 mt, FF A3 mt, FF E2 mt, and pTE2⌬S/N, respectively. The relative activity of the various FF CAT constructs in HIT T-15 cells is similar to that described previously (15) . FF E2mt activity was not statistically changed in the presence of E1A⌬2-36, but was with wild-type or 928 mt E1A (P Ͻ 0.05).
bated separately with GST:PDX and GST control resin, and the bound material was eluted and analyzed by SDS-PAGE. Little if any of the radiolabeled p300 proteins bound to the GST resin alone (Fig. 4) . In contrast, p300 bound to the GST:
PDX fusions spanning the activation domain (full length, aa 1 to 149, and aa 1 to 79). The level of PDX-1 binding to p300 was comparable to that of BETA2 (Fig. 4) .
To localize the PDX-1 interaction domain in p300, various FIG. 2. p300 coactivator potentiates A3/A4-mediated activation. (A) p300 or p300 dl10 (5, 10, or 20 g) was transfected with FFCAT (2.5 g) into HIT T-15 cells. The sequences in p300 required for E1A association (aa 1680 to 1811) are missing in p300 dl10 (26) . The ability of p300 dl10 to stimulate more effectively than p300 has also been found with other insulin-driven reporter genes (52) . (B) WT, E2 mt, and A3 mt FF CAT (2.5 g) were cotransfected into HIT T-15 cells in the presence (10 g) or absence of p300 or p300 dl10 (10 g). Relative activity Ϯ SEM is calculated as the normalized activity of FFCAT plus E1A divided by that of FFCAT alone. 5 g) , p300 or p300 dl10 (10.0 g), (GAL4) 5 E1bCAT (2.5 g), and pSV2 LUC (1.0 g). The normalized fold p300 activation Ϯ SEM is the ratio of GAL4:PDX-1 and p300 to GAL4:PDX-1 alone. (C) HIT T-15 cells were transfected with GAL4:PDX-1(1-79) or GAL4:PDX-1(1-79)⌬ABC (2.5 g), p300 or p300 dll0 (10.0 g), and (GAL4) 5 E1bCAT (2.5 g). The extracts were assayed for both CAT and GAL4 DNA-binding activity, and the CAT activity from each GAL4:PDX-1 construct was normalized to the level of GAL:PDX-1 binding activity in the gel shift assay. The ratio of the normalized GAL4:PDX-1 activity with p300 to GAL4:PDX-1 alone from a representative experiment is shown. p300 mutant proteins were analyzed for binding to GST:PDX resins. GST:TAL1 (22) and GST:BETA2 (52) binding to the N-or C-terminal p300 regions served as controls. PDX-1 binding was only detected with the C-terminal p300 expression construct (i.e., aa 1258 to 2414), an interaction lost in the activation domain dysfunctional mutant GST:PDX(1-79)⌬ABC (Fig. 4) . Furthermore, removing the glutamine-rich sequences from the C-terminal region of p300 prevented both PDX-1 (Cp300⌬Q in Fig. 4 ) and BETA2 (52) binding. The results demonstrate that the N-terminal activation domain region of PDX-1 interacts with C-terminal sequences of p300.
Having established that PDX-1 and p300 directly bind in vitro, we asked whether this complex could be detected in vivo. Immunoprecipitation assays were performed in HIT T-15 cell extracts with antibodies to p300 (RW128 and MN11) and PDX-1 (N-and C-terminal). Western blotting revealed that PDX-1 was coprecipitated with p300 antibodies (Fig. 5A) , and p300 was coprecipitated with PDX-1 antibodies (Fig. 5B) . These complexes appear to be specific, as neither the unrelated anti-FLAG monoclonal antibody (M2), mouse IgG, nor rabbit IgG precipitated p300 or PDX-1 (Fig. 5) . These results demonstrated that p300 and PDX-1 also associate in vivo.
p300 cooperates with PDX-1 and BETA2:E47 to induce insulin gene transcription. The results presented above and elsewhere have shown that p300 interacts directly with PDX-1 and BETA2:E47 (35, 52) to stimulate transcription. Because insulin enhancer activation is drastically reduced when the binding site for either factor is mutated, we considered that p300 might mediate the synergy between PDX-1 and BETA2:E47.
To test this possibility, p300, PDX-1, E47, and BETA2 expression constructs were cotransfected with an insulin enhancer/promoter-driven reporter construct (Ϫ238 CAT) into a cell line (HeLa) that does not produce insulin or the islet-enriched transcription factors BETA2 or PDX-1. As expected, this reporter does not respond to p300 or any of the individual DNAbinding activators (Fig. 6A) . p300 also has little or no influence on activation by BETA2 plus E47 or PDX-1 alone. However, transactivation by PDX-1, E47, and BETA2 was potentiated when these factors were combined, an activity induced to a much higher level in the presence of p300 and not by the coactivator binding-defective mutant p300⌬Q. In addition, wild-type E1A but not the p300 binding-defective E1A mutant E1A⌬2-36 prevented activation (Fig. 6A) .
Stimulation of Ϫ238 CAT activity by p300, PDX-1, E47, and BETA2 was also dependent upon activator binding, as the PDX-1 (A3 mt) and BETA2:E47 (E1 mt) binding site mutants were inactive, even in the presence of p300 (Fig. 6B) . The p300 binding sequences within each activator were necessary for stimulation, as neither PDX-1⌬ABC nor BETA2(1-155) could support p300-mediated synergistic activation (Fig. 6C) . BETA2(1-155) contains an intact bHLH region, which is necessary for DNA binding and dimerization with E47, but lacks the C-terminal p300 binding and transactivation domains (52, 58) . Together, these results strongly indicate that communication between p300, PDX-1, E47, and BETA2 plays a key role in regulating insulin gene transcription.
PDX-1 and BETA2:E47 complex formation in vivo is mediated by p300. To further investigate the basis for cooperation between the insulin activator factors, we tested whether physical interactions between PDX-1 and BETA2 were detected in vivo. HIT T-15 cells were transfected with PDX-1 and BETA2, and an immunoprecipitation analysis was performed with antibodies that recognized the introduced PDX-1 and BETA2 proteins. BETA2 was detected in a complex with PDX-1 and not PDX-1⌬ABC (Fig. 7A and B) , although similar amounts of protein were made.
To examine if p300 was involved in formation of the PDX-1:BETA2 complex, an ␣-p300 immunoprecipitation was conducted with cells transfected with p300 binding-defective mutants of PDX-1 (PDX-1⌬ABC) and BETA2 [BETA2(1-155)]. As expected, p300-insulin activator complex formation was not detected with either of these mutants [PDX-1⌬ABC, Fig. 7C ; BETA2(1-155), data not shown].
Collectively, our results suggested that the PDX-1 and   FIG. 4 . In vitro interactions between p300 and PDX-1. Schematic representation of the 35 S-labeled in vitro-synthesized human p300 proteins. The cysteine/histidine-rich (CH/1, CH/2, and CH/3), bromo-rich, and glutamine-rich (Q-rich) domains that are involved in proteinprotein interactions are shown (12, 60) . Radiolabeled p300 was incubated with purified GST, GST:PDX, GST:BETA2 or GST:TAL1 protein bound to glutathione-Sepharose beads. Bound p300 was eluted, separated by SDS-10% PAGE, and detected by autoradiography. The input lane represents 5% of the total volume used in the binding assay. GST:TAL1 (22) and GST:BETA2 (52) served as positive controls for Np300 and Cp300 binding, respectively.
FIG. 5. p300 and PDX-1 associate in vivo. Immunoprecipitation analysis was performed with HIT T-15 nuclear extract using (A) p300 (RW128 and MN11) antiserum, FLAG (M2) antiserum, and normal mouse IgG or (B) PDX-1 antiserum (N-terminal and C-terminal) and normal rabbit IgG. The precipitate was washed with RIPA buffer, and the released proteins were separated by SDS-10% PAGE and immunoblotted (IB) with (A) PDX-1 (N terminal) or (B) p300 (RW128) antiserum.
BETA2 sequences required in physical ( Fig. 3 and 4 ) and functional interactions (Fig. 6 ) with p300 were also necessary for formation of a BETA2 and PDX-1 precipitation complex in cells. If so, we predicted that E1A should inhibit the formation of the PDX-1:BETA2 complex. To test this proposal, HIT T-15 cells were transfected with BETA2, PDX-1, and E1A, and an immunoprecipitation analysis was performed with p300, BETA2 (i.e., Myc tag), and PDX-1-specific antisera. The precipitated proteins were probed for the presence of BETA2 and PDX-1. The addition of E1A profoundly reduced the amount of BETA2 and PDX-1 coprecipitating with either p300 (Fig.  8A) , PDX-1 (Fig. 8B), or BETA2 (Fig. 8C) . In contrast, E1A did not affect PDX-1 or BETA2 protein expression (see TL in Fig. 8) .
As the BETA2:PDX-1 complex levels were reduced by E1A to a similar low in the p300, PDX-1, and BETA immunoprecipitations (Fig. 8) , we propose that interactions between these DNA-binding factors are principally, if not exclusively, mediated through p300. Most significantly, when these results are considered together with the transfection and biochemical experiments performed with p300, our data strongly indicate that the recruitment of this coactivator by PDX-1 and BETA2:E47 plays an essential role in controlling insulin gene transcription in vivo.
DISCUSSION
PDX-1 and BETA2:E47 act upon the insulin enhancer to control ␤-cell-specific insulin gene transcription. This unique combination of activators promotes the RNA polymerase II machinery to stimulate insulin gene transcription synergistically. The greater-than-additive effect results from multiple protein-protein interactions between activators and the general transcriptional machinery, as a consequence of activator binding directly to the RNA polymerase II transcriptional apparatus and/or through a bridging coactivator(s).
Previously we had shown that adenovirus E1A protein binding to the p300 coactivator blocked insulin gene transcription in islet ␤ cells (63) , at least in part due to actions on BETA2 and E47 (52) . In this study, we found that E1A also inhibits PDX-1 activation through binding to p300. PDX-1 and BE-TA2:E47 were shown to act together with p300 to stimulate insulin gene transcription, with p300 complex formation involving activation domain sequences within each factor. Our results suggest that p300 provides a docking and recruitment interface between PDX-1, BETA2:E47, and the general transcriptional machinery.
PDX-1 became a candidate for p300 regulation due to the ability of E1A to influence insulin A3/A4 element activation (Fig. 1) . As the A3 site and not the A4 site is conserved among the mammalian insulin genes (13, 15) , our experiments focused on determining if E1A specifically affected activation by the A3 activator, PDX-1. Interestingly, the HNF1␣ transcription factor, which can bind to the mouse (13) and human (43) A4 elements in gel shift assays, also appears to be regulated by p300 (61) . However, chromatin immunoprecipitation assays performed with HNF1␣ antiserum strongly suggest that this factor does not bind to the A4 element in vivo (46) . In contrast, a similar analysis performed with BETA2-and PDX-1-specific antisera confirmed that each bound within the enhancer region of the endogenous insulin gene (M. Cissell and R. Stein, data not shown).
Stimulation by PDX-1 and BETA2 was shown to be mediated by the p300 coactivator in both immunoprecipitation and insulin gene reporter transfection experiments performed in ␤ and non-␤ cells. The p300 binding surface within PDX-1 [aa 13 to 22 (A), 32 to 38 (B), and 60 to 73 (C), Fig. 4 and 7] was mapped by in vitro GST pulldown and in vivo immunoprecipitation assays to sequences essential in activation domain function. Ashara et al. (4) also found that N-terminal trans-activation domain-spanning sequences of PDX-1 (aa 1 to 140) were bound to CBP, the paralog of p300. The activation domain region of BETA2 was also necessary in p300 binding (i.e., within aa 156 to 355) (52) . Both PDX-1 and BETA2 associate with p300 through the C-terminal glutamine-rich domain (Fig.  4) , whereas E47 interacts with the N-terminal cysteine/histidine-rich domain of p300 (52) .
PDX-1 has also been shown to bind directly to BETA2 and E47 by in vitro GST pulldown analysis (41) . The sequences involved in BETA2 (aa 94 to 162) and PDX-1 (aa 138 to 213) binding were distinct from those involved with p300. Interestingly, we found that the reduction by E1A of PDX-1-, BETA2-, and E47-mediated activation ( Fig. 1 and 6 ) (52) closely paralleled the loss in PDX-1:p300 and BETA2:p300 complex formation in ␤ cells (Fig. 8) . Glick et al. (18) have also shown that PDX-1, BETA2, and E47 act cooperatively to activate insulin enhancer-directed expression. Although potentiation by p300 was not investigated, these investigators found that the Cterminal p300-binding region of BETA2 was involved in activation. p300 also enhances transactivation by PAX6 on the glucagon gene (23) . Collectively, the data strongly indicate that insulin gene transcription is mediated by p300 association with the key ␤-cell-enriched activators.
Synergistic transcription results from multiple interactions between activators and the general transcriptional machinery. Activator-activator interactions between PDX-1, BETA2, and E47 have been shown to promote cooperative DNA binding on insulin enhancer DNA in vitro (Ϸ3.5-fold between E47 and PDX-1) (41). These results imply that cooperative binding of activators to DNA, and possibly direct contacts between activator and the basal transcriptional machinery, are involved in insulin gene activation. However, as p300 binding to E1A resulted in a profound and parallel loss in the capacity of PDX-1 and BETA2 to interact in vivo and activate insulin gene transcription, we propose that functional interactions between these DNA-binding factors are principally, if not exclusively, mediated through p300.
Binding between p300 and basal factors, like the TATAbinding protein (TBP) and TFIIB (12, 60) , are presumably essential in this process. In addition, the intrinsic acetyltransferase activity of p300 and the p300-associated factor P/CAF may contribute to activation through modifications of histone proteins (12, 60) and/or the insulin activators directly. The adenovirus E1A protein appears to inhibit insulin transcription by either preventing assembly of or destabilizing the p300 complex formed with the insulin enhancer factors PAX6 (23), PDX-1, and BETA2 and the general transcriptional machinery (Fig. 8) .
The ability of the ␤ cell to provide insulin in sufficient amounts to meet the body's needs is compromised in type 2 diabetes mellitus patients with mutations in BETA2 (30) and PDX-1 (21, 67) . As mutations within the p300 binding domain of each factor, Q59L and D76N in PDX-1 (21) and 206ϩC in BETA2 (30) , have been identified in diabetic families, a defect in p300:activator complex formation could be the cause of ␤-cell dysfunction. Thus, p300-mediated activation of the insulin gene would be inhibited in these mutants if BETA2:E47 or PDX-1 could not engage in combinatorial interactions with p300. In addition, as both BETA2:E47 (14, 39, 56) and PDX-1 (29, 30, 44, 50) control glucose-regulated transcription of the insulin gene, metabolic signaling may also be disrupted in these mutants. Experiments are in progress to test whether p300 provides PDX-1 and BETA2 the transactivation capacity to support metabolic and differentiation control.
